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Polarizable radical sites in distonic radical anions are stabilized by ostensibly remote negative 
charges. Computational evidence suggests bond dissociation energies of closed-shell precursors are 
significantly lowered by through-space interactions with a proximate negative charge, however direct 
experimental confirmation has proved challenging. Herein, we exploit two complementary tandem 
mass spectrometry strategies to probe the influence of a remote charge on the stability of nitroxyl 
radicals, and vice versa. Dissociation of negatively charge-tagged alkoxyamines reveals that the 
energetic onset of radical formation is dependent on the proximity and basicity of the charged group, 
thus providing direct evidence for a charge-induced stabilization of the nitroxyl radical. 
Complementary kinetic method experiments on a series of proton-bound dimers demonstrate that the 
presence of a nitroxyl radical decreases the proton affinity for a selection of proximate ionic groups. 
These data show excellent agreement with quantum-chemical calculations and provide a general 
framework to explore the magnitude and direction of charge-radical interactions through systematic 
exploration of the identity, polarity and the proximity of the ion to the radical site. These findings 
expand our fundamental understanding of radical ion energetics that underpin the application of 
distonic ions as models for neutral radical reactivity, and open new avenues for exploiting these 
interactions as chemical switches. 
 
Keywords: Distonic ion, kinetic method, gas-phase ion chemistry, free radicals, tandem mass 
spectrometry 
  




Distonic ions are radical ions in which the charge and radical sites are not co-localized on the 
same atomic centre.
1,2
 Generally, the charge and radical moieties react independently due to their 
spatial and electronic separation. As such, insights into the reactivity of an elusive neutral radical 
(e.g., peroxyl radical intermediates implicated in combustion and polymer degradation reactions) can 
be gained from investigation of an analogous distonic ion.
3-8
 This approach exploits the high-vacuum 
environment within a mass spectrometer for the generation, isolation and interrogation of distonic 
ions. Coulombic repulsion between ions of the same polarity eliminates radical homo-coupling 
reactions and enables the production of radicals in populations sufficient for detailed investigations 
of reactivity and spectroscopy.
9
 
Investigating the chemistry of neutral radicals using distonic ion models requires a pure 
population of the latter, free of contributions from isomeric conventional radical ions. Distonic aryl 
radicals can be prepared selectively through collision-induced dissociation (CID) or 
photodissociation (PD) of the carbon-iodine bond in a precursor aryl iodide substituted with a remote 
charge-tag, which serves as a handle for mass spectrometric manipulation.
10-12
 Thus formed, distonic 
radical ions can be distinguished from their conventional counterparts through diagnostic PD or CID 
mass spectra (so long as isomerization does not precede dissociation),
13
 or by the characteristic 
products of ion-molecule reactions.
14-16
 To ensure a valid comparison between a distonic ion and a 
neutral radical, experimental or computational assessment is required to account for the perturbation 
of radical behaviour by the charge-tag. This evaluation can be achieved experimentally by varying 
the polarity, chemical identity and location of the charge-tag relative to the radical.
17,18
 Kenttämaa 
and co-workers synthesized a series of positive- and negative-charged phenyl radical analogues and 
studied their reactions with neutral reagents in the gas phase.
19
 As opposing charges exert contrasting 
effects on intrinsic radical reactivity, such a comparison brackets the behaviour of the neutral 
archetype. These studies concluded that distonic ions display qualitatively similar reactivity to 
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neutral radicals, but reaction rates and efficiencies are significantly impacted by the influence of the 
charge on collision encounter probability, ion-molecule solvation energy and modulation of the 
potential energy surface through polarization of transition states.
19
 Understanding the stabilization 
and destabilization of radical moieties by remote charges is thus pivotal to extrapolating observations 







) bearing an acid or base moiety have been designed as pH-
responsive living radical polymerization initiators
20,21
 and molecular digital storage devices.
22,23
 







) readily manipulated by conventional organic synthesis reactions without involvement of 
the unpaired electron.
24-26




 with an acidic or basic site affords a 
convenient source of distonic ions via electrospray ionization (ESI). Distonic nitroxyl radical anions 
exhibit a long-range stabilization phenomenon associated with a unique electron configuration.
27
 
Notably, quantum-chemical calculations reveal that the unpaired electron does not reside in the 
highest occupied molecular orbital (HOMO), which is instead supplied by the anion. Upon 
protonation to the conjugate acid, conventional orbital occupancy is restored, and radical 
stabilization is quenched. Further investigation has demonstrated the general nature and significance 
of this effect, both in the gas phase and in solution.
28-30
 For example, alkoxyamines exhibit more 




is furnished with 
a remote anion (compared to the corresponding neutral),
31
 whereas a similarly positioned positive 
charge inhibits the homolysis rate.
32
 As these effects are unequal in magnitude for opposing 
charges,
33
 it is hypothesized that polarization reinforces or counteracts other phenomena, such as ion-
dipole interactions associated with ionic resonance forms of the nitroxyl radical.
34
 
Long-range stabilization between a radical and a charge (of either polarity) originates from 
Coulombic interaction between the charge and an induced quadrupole, caused by the redistribution 
of electron density in delocalized radicals. This effect is especially pronounced in polarizable 
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nitroxyl radicals, but negligible in phenyl radicals, as previously investigated.
17,19
 Although the 
effects diminish with increasing separation between charge and radical moieties, stabilization is 
predicted to persist beyond 10 Å, even in the absence of π-conjugation or through-bond 
interactions.
33
 This general finding suggests that interactions between ostensibly distant charge and 
radical sites may have a significant and under-appreciated effect on the thermodynamics of distonic 
radical ions. Indeed, there is growing evidence that electrostatic effects can be harnessed to 
manipulate chemical reactions more generally.
35,36
 To examine these effects, it is therefore desirable 
to develop experimental methods that are sensitive to the thermochemical perturbations stemming 
from charge-radical interactions in gas-phase distonic ions.  
We have previously applied two experimental methods for probing the thermochemical 
impact of charge-radical interactions in the gas phase. The first strategy is to compare the energetic 
onset of oxygen-carbon bond homolysis in charge-tagged alkoxyamines via threshold dissociation 
tandem mass spectrometry.
31
 The second approach employs the kinetic method to measure the 
difference in gas-phase acidities between carboxylic acids substituted with a nitroxyl radical or the 
corresponding alkoxyamine.
27
 Using the thermodynamic cycle depicted in Scheme 1, a combination 
of these data yield the difference in NO–R
3
 bond dissociation energy (BDE) for neutral and ionized 
forms of the alkoxyamine. Herein, we combine these two complementary experimental approaches 
to map the thermochemical consequences of long-range radical-ion interactions across a broad test 
set of distonic nitroxyl radical ions. Supported by quantum-chemical calculations, these results shed 
new light on the influence of charge carrier location, identity and polarity on radical stabilization in 
the gas phase.  
 




Scheme 1: Thermodynamic cycle relating oxygen-carbon BDEs (ΔHO-C) of anionic and neutral 
alkoxyamines to proton affinities (–ΔHacid) of radical and non-radical forms of substituted 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO). 
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2. Materials and Methods 
2.1 Materials 
All materials required for synthesis were purchased from Sigma Aldrich (Sydney, Australia), 
unless noted otherwise. Hydrogen peroxide (Australian Chemical Reagents, Queensland, Australia) 
was used as a 40% (w/w) aqueous solution. Methanol for mass spectrometry was HPLC grade 
(Thermo Fisher Scientific, Scoresby, Australia) and used as received.  
2.2 Synthesis 
Alongside commercially available scaffolds 3-carboxy-PROXYL 1, 4-carboxy-TEMPO 2 
and 4-hydroxy-TEMPO 3, additional TEMPO derivatives 4-9 were designed and synthesized 
(Scheme 2). N,N-dimethylamino-TEMPO 4 was prepared by methylation of 4-amino-TEMPO by 
formaldehyde and formic acid.
37
 4-sulfonatooxy-TEMPO 5 was produced by sulfonation of 3 with 
chlorosulfuric acid trimethylsilyl ester.
38
 Esters 6-8 were prepared by coupling 3 to the appropriate 
diacid in the presence of N,N’-dicyclohexylcarbodiimide.
39
 Sulfonamide scaffolds 9 and 9a were 
prepared as described.
40
 Methyl and benzyl alkoxyamines 1a-8b are prepared from the corresponding 
nitroxyl radical using hydrogen peroxide and copper(I) chloride.
41,42
 Yields of alkoxyamines 5a-8b 
were improved by first preparing alkoxyamines 3a and 3b, followed by sulfonation or esterification. 
Crude products were typically of sufficient purity to be amenable to mass spectrometric analysis 
without additional purification. Full procedures and characterization data are provided as Supporting 
Information. 




Scheme 2: Nitroxyl radicals 1-9 based on 3-substituted 2,2,5,5-tetramethyl-1-pyrrolidine-N-oxyl 
(PROXYL) and 4-subsitutued 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) scaffolds. Methyl and 
benzyl alkoxyamines are denoted by (a) and (b) respectively. 
2.3 Mass Spectrometry 
Tandem mass spectra were recorded with a Waters QuattroMicro triple quadrupole mass 
spectrometer with an ESI source. Presented mass spectra represent the accumulation of at least 100 
scans. The capillary voltage was set to 2.9 kV, cone voltage 25 V, and source temperature 80 °C. 
Nitrogen was used as the drying gas at a temperature of 100 °C and flow rate of 250 L h
-1
. Argon 
was used as the collision gas at a pressure of 3.0 ± 0.1 mTorr. Collision energy in the laboratory 
reference frame (Elab) was varied from 5-20 eV and normalized to centre-of-mass reference frame 
energy (Ecm) using Equation 1 (where MAr and Mi are the masses of argon and the ion, respectively). 
Breakdown curves are obtained by plotting the normalized intensity of the product ion against Ecm. 
Threshold behaviour was analyzed empirically by using a least-squares fitting criterion to fit the raw 
data.
43,44
 In this context, “dissociation threshold” is defined as the energy at which the product ion 
abundance is equal to 5% of the total ion intensity (E5%).
31
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To employ the kinetic method,
45-47
 samples were diluted individually to 10-100 μM in methanol. 
Equal volumes of two solutions were mixed and infused into the ESI source to form heterogeneous 





]) is related to the difference in their proton affinities (Hacid), according to 
Equation 2, where R is the ideal gas constant and Teff is the ‘effective temperature’. This parameter 
accounts for the non-Boltzmann population of ions sampled in the experiment, and is a superposition 
of experimental and molecular parameters.
48,49
 Herein, an effective temperature of 600 K is applied 
based on previous benchmarking experiments,
27,50
 as well as use of reference acids with known 
thermochemistry. In this application of the kinetic method with structurally related compounds, 
product ion abundance ratios do not change significantly with collision energy, and thus entropic 
effects are assumed to cancel upon cluster ion dissociation.
51
  














2.4 Computational Methods  
Standard ab initio molecular orbital theory and density functional theory calculations were 
carried out using the Gaussian 09 software package.
52
 Geometries of all species were optimized at 
the M06-2X/6-31+G(d) level of theory, using systematic conformational searches to identify global 
minima. Frequencies were calculated at this level and scaled by recommended factors.
53
 Electronic 
energies for all species were computed using the same method, which has been shown to accurately 
predict qualitative trends in the gas-phase energetics of nitroxyl radical reactions.
27,33
 For several 
species, these results were benchmarked against the composite high-level G3(MP2,CC)(+) method,
54
 
demonstrating excellent agreement for the relative thermochemical values (see Supporting 
Information, Figure S6). Entropies and thermal corrections were calculated using standard formulae 
for statistical thermodynamics of an ideal gas under the harmonic oscillator approximation in 
conjunction with the optimized geometries and scaled frequencies.
55
 Further details of these 
computations are provided as Supporting Information.   
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3. Results and Discussion  
3.1 Effect of Charge-Radical Separation  
In charge-tagged alkoxyamines and nitroxyl radicals, long-range charge-quadrupole 
interactions are countered or reinforced by conventional polar effects. These interactions are 




 This prediction 
provides a motivation to experimentally examine the bond dissociation thresholds of alkoxyamines 
and the influence of the radical on gas-phase acidity as a function of distance. Computational studies 
have used flexible linkers such as all-gauche hydrocarbon chains to systematically investigate the 
distance dependence of charge-radical interactions in distonic ions.
9
 In practice, the conformational 
freedom of these species inhibits precise control of the charge-radical separation and, moreover, can 
yield compact conformations with direct interactions between charge and radical moieties.
27
 Indeed, 
CID of a model system incorporating a flexible alkyl chain to separate the carboxylate anion from 
the alkoxyamine resulted exclusively in charge-driven heterolytic dissociation and provided no 
evidence for NO–R
3
 bond homolysis (see Supporting Information, Figure S1). Rigid cyclic spacers 
between the ion and radical sites were therefore developed to provide fine control over the spin-
charge separation. 
3.1.1 Bond Homolysis Thresholds  
Benzyloxyamine 6b was prepared to provide a semi-rigid cyclohexyl spacer between the 
carboxylic acid and alkoxyamine moieties. [M – H]
–
 ions of 6b generated by ESI were mass-selected 
and subjected to CID. As with benzyloxyamines 1b and 2b,
31
 this anion dissociates exclusively via 
homolysis of the NO–R
3
 bond (-91 Da). Increasing the molecular complexity by addition of the 
linker did not open new fragmentation pathways under low-energy CID conditions. The normalized 
abundance of product ions assigned to NO–R
3
 cleavage (i.e., nitroxyl radical 6 and second-
generation product ions) are plotted as a function of collision energy (Ecm) in Figure 1. Breakdown 
curves for 1b and 2b, acquired under the same experimental conditions, are included for comparison. 
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In all three cases, quantitative conversion to nitroxyl radical product ions is achieved at collision 
energies around 2.0 eV. Nonetheless, the breakdown curve of 6b consistently tracks on the lower 
energy side of the 4-carboxy-TEMPO archetype (2b), which in turn lags the 3-carboxy-PROXYL 
system (1b). This result indicates that more energy is required to induce homolysis in 6b, pointing to 
a stronger NO–R
3
 bond in this system. The dissociation threshold of 6b (E5% = 0.85 eV) is higher 
than either compound where the charge-carrier attached directly to the ring (E5% = 0.70 eV for 2b 
and 0.52 eV for 1b). The ordering of these bond dissociation thresholds is thus consistent with a 
higher bond strength with increasing separation (r) between the charge and the forming radical site 
(i.e., r = 6.1 Å for 6b, compared to 4.9 Å in 1b and 5.7 Å in 2b). Threshold dissociation data are 
summarized for the full suite of alkoxyamines in Table 1, supported by calculated BDEs in Table 2. 
In both the methyl and benzyl-substituted alkoxyamine series, the dissociation threshold generally 
increases with the distance between the spin and charge-carriers. Despite the addition of a semi-rigid 
spacer, we note that these results do not strictly follow a linear distance-dependence due to the 
abundance of gas-phase conformers accessible, each with distinct spin-charge separation. 
 
Figure 1: Abundance of NO–R
3
 homolysis product ions arising from CID of charge-remote 
benzyloxyamines. Dashed lines are sigmoidal lines of best fit to the recorded data points. Magnified 
view of dissociation onset region is shown in the inset. 
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Table 1: Experimental dissociation thresholds (E5%) for alkoxyamines 1a-9a and 1b-8b, and 
differences in gas-phase acidity (ΔΔHacid) between the alkoxyamine and the analogous nitroxyl 
radical using the kinetic method and an assumed effective temperature of 600 K. 
 r (Å)
a


























5b 0.71 - 
















9a 6.3 1.21 24 
a)
 Distance between the nitroxyl oxygen and carboxylate carbon (1, 2, 6 and 7), alcohol oxygen (3), 
amine nitrogen (4), or sulfur atom (5 and 8) in the M06-2X/6-31+G(d) optimized geometry.  
b) 









could not be isolated from phenylsulfonates 8a and 8b.  
3.1.2 Anion Basicity 
The corollary of the distance-dependent impact of negative charges on NO–R
3 
BDEs, as 
evidenced above, is that a polarizable nitroxyl radical exerts a strong influence on the proton affinity 
(PA) of a proximate anion (cf. Scheme 1). This effect should similarly diminish with increasing 
separation of the two functional groups. Experimental evidence for this effect can be derived from 
application of the kinetic method to a proton-bound dimer anion comprising any two nitroxyl 
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radicals. Collisional activation of the dimer [1 + 2 – H]
– 
(m/z 385), consisting of 3-carboxy-PROXYL 
1 and 4-carboxy-TEMPO 2, preferentially yields [1 - H]
–
 (m/z 185, Figure 2a). Thus, the shorter 
charge-radical distance in 1 (r = 4.9 Å) results in a detectable enhancement in radical-induced ion 
stabilization in the former and a concomitant lowering of the proton affinity (ΔΔHacid) by 10 kJ mol
-1 
relative to 2 (r = 5.7 Å). Expanding the charge-radical separation further, the spectrum obtained upon 
CID of a proton-bound dimer comprising 2 and the cyclohexyl-spacer nitroxyl radical 6 is displayed 
in Figure 2b. The greater abundance of [2 - H]
–
 indicates a lower proton affinity for this ion, arising 
from the reduced separation of the anion and radical moieties relative to [6 - H]
– 
(r = 6.1 Å). 
Applying the kinetic method to the observed peak intensity ratio yields a difference in proton affinity 
of 7 kJ mol
-1
, which is in good agreement with a calculated difference of 5 kJ mol
-1
 (Table 2). 
To obtain the spectrum in Figure 2d, cyclohexyl-linked nitroxyl radical 6 is electrosprayed 
with alkoxyamine 6b to form a proton-bound dimer, which is subsequently subjected to CID. The 
predominant product ion observed is distonic radical ion [6 – H]
–
, indicating a lower proton affinity 
of this carboxylate relative to alkoxyamine 6b. The difference in proton affinity based on 
experimental application of the kinetic method is 5 kJ mol
-1
, which is significantly lower than the 
comparable ΔΔHacid value of 16 kJ mol
-1
 obtained from a proton-bound dimer of 2 and 2b (Figure 
2c). These results clearly indicate that the kinetic method is sensitive to the declining influence of the 
nitroxyl radical on the carboxylate proton affinity in response to the increased charge-radical 
separation in 6. Together, these data provide experimental evidence for a reduction in the carboxylate 
proton affinity in the presence of a nitroxyl radical over distances beyond 6 Å. Similar pairwise 
comparisons of nitroxyl radicals 3-8 with their corresponding methyl and benzyl alkoxyamines are 
summarized in Table 1. In these instances, the nature of the charge carrier as well as the distance 
between the charge and radical moieties was found to be influential (vide infra). 
 




Figure 2: Collisional activation (Elab = 10 eV) of proton-bound dimers illustrate the effect of charge-
radical separation on relative proton affinity: (a) [1 + 2 – H]
–
 dimer; (b) [2 + 6 – H]
–
 dimer; (c) [2 + 
2b – H]
–
 dimer; (d) [6 + 6b – H]
–
 dimer.  
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Table 2: Calculated NO-R
3
 BDEs for distonic anions (X
-
) and their conjugate acids (XH). Gas-phase 
acidities (ΔHacid) are provided for alkoxyamines (NOR
3
) and corresponding nitroxyl radicals (NO
•
). 
All values (in kJ mol
-1
) are calculated at 298 K, at the M06-2X/6-31+G(d) level (see Supporting 
















180.1 200.5 1406.3 
1386.0 
1b 146.4 164.5 1404.1 
2a 
5.7 
194.1 212.4 1412.5 
1394.2 
2b 158.0 171.3 1407.5 
3a 
5.5 
189.1 212.1 1538.5 
1515.5 









4b - - - 
5a 
6.7 
197.7 214.2 1279.6 
1263.0 
5b 160.5 171.9 1274.5 
6a 
6.1 
- - - 
1389.3 
6b 164.3 170.1 1395.1 
7a 
11.9 
- - - 
1376.2 
7b 165.4 171.2 1382.0 
8a 
12.1 
- - - 
1280.0 
8b 165.9 172.0 1286.1 
a)
 Distance between the nitroxyl oxygen and carboxylate carbon (1, 2, 6 and 7), alcohol oxygen (3), 
amine nitrogen (4), or sulfur atom (5 and 8) in the M06-2X/6-31+G(d) optimized geometry.  
b)
 Proton affinity of the tertiary amine  
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3.2 Effect of Charge Carrier 
3.2.1 Bond Homolysis Thresholds 
To test the relationship between anion basicity and radical stabilization, TEMPO-based 
alkoxyamines were synthesized with a range of acidic moieties in the 4-position of the piperidine 
ring. The [M – H]
–
 ions of benzyloxyamines 5b – 8b were subjected to CID with representative 
spectra depicted in Supporting Information (Figure S2). In each case, the precursor ion exhibits a 
characteristic loss of 91 Da, attributed to loss of a benzyl radical through homolytic cleavage.
56,57
 
Product ions corresponding to secondary loss of CH3
•
 (-15 Da) are observed in minor abundance. 
Importantly, no product ions associated with heterolytic dissociation directed from the anion charge-
tag are observed within the threshold energy domain.  
The normalized abundance of product ions attributed to NO–R
3
 homolysis from precursor 
ions 2b, 5b, 7b and 8b are plotted as a function of collision energy in the breakdown curves shown in 
Figure 3(a). Complete conversion of the alkoxyamine precursor ion population to nitroxyl radical 
product ions is achieved at, or before, a collision energy (Ecm) of 2.0 eV. The breakdown curve of the 
sulfate-tagged benzyloxyamine 5b is notably similar to the 4-carboxy-TEMPO benzyloxyamine 2b, 
with dissociation thresholds of 0.71 eV and 0.69 eV, respectively. In contrast, the breakdown curves 
of benzyloxyamines 7b and 8b do not track each other, despite differing only by the replacement of 
phenylcarboxylate with phenylsulfonate as the charge carrier. Whilst the charge-alkoxyamine 
separation in carboxylate anion 7b (r = 11.9 Å) is of comparable magnitude to phenylsulfonate 8b, 
the former exhibits a dissociation threshold approximately equal to 2b (E5% = 0.69 eV), whereas the 
dissociation threshold of 8b (0.83 eV) is consistent with a more remote charge (r = 12.1 Å). This 
discrepancy is apparent when the dissociation threshold is plotted against the calculated NO–R
3
 BDE 
as shown in Figure 3b. In this representation, computed BDEs strongly correlate with the E5% 
threshold values for charge-tagged alkoxyamines 2b, 5b, 6b and 8b but highlights 7b as an outlier, 
possibly caused by an unexpectedly compact structure of the gas-phase ion. Furthermore, we note 
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that even within the centre-of-mass energy frame of reference, experimental dissociation thresholds 
may be affected by a size-dependent kinetic shift – the excess energy required to initiate 
fragmentation in the experimental time frame.
58
 However, we believe this effect will be a minor 
contributor to the dissociation behaviour over the mass range of the alkoxyamines examined.  
 
Figure 3: (a) Abundance of NO–R
3
 bond homolysis product ions observed upon CID of 
benzyloxyamine anion precursors (R
3
 = CH2Ph). (b) Experimental dissociation thresholds compared 
to theoretical BDEs (calculated at M06-2X/6-31+G(d)).  
To further expand the test set, charge-tagged methoxyamines 1a – 9a were also prepared. 
Representative CID spectra demonstrate that the dominant product ion in each case corresponds to 
the nitroxyl radical 1 – 9 arising from homolysis of the NO–R
3
 bond (Supporting Information, Figure 
S3). Competitive N–OR
3







 Moreover, absolute NO–R
3
 BDEs in methoxyamines are significantly higher than the 
analogous benzyloxyamines, and thus the former are more susceptible to competitive charge-driven 
dissociation (e.g., CO2 loss from benzoates 7 and 7a, Figure S3d). Despite these differences, the 





 homolysis product ions were extracted and plotted against collision energy 
(Ecm) in Figure 4. Due to the competing N–OR
3
 homolysis pathway, the maximum abundance of 
nitroxyl radical product ions observed is less than 80%. Similar to benzyloxyamines (Figure 3a), 
methoxyamines with sulfate (5a) and carboxylate anions (2a) directly attached to TEMPO exhibit 
comparable behaviour, with dissociation thresholds of 1.41 eV and 1.38 eV, respectively. A lower 
threshold is observed for methoxyamine 9a with a proximate sulfonamide anion (E5% = 1.21 eV). 
This result for the largest ion in the test set is consistent with the absence of a significant size-
dependent kinetic shift in the dissociation behaviour. The unexpected behaviour of benzyloxyamine 
7b is also apparent in the analogous methoxyamine 7a (E5% = 1.50 eV), with the breakdown curve 
profile of the latter featuring an earlier onset than the structurally related phenylsulfonate 8a (E5% = 
1.74 eV), despite the two ions having similar predicted charge-radical separations (r = 11.9 and 12.1 
Å, respectively).  
 
Figure 4: Abundance of O–C bond homolysis product ions observed upon CID of methoxyamines 
containing remote anions. Magnified view of threshold region is shown in the inset. 
Within this test set, it is difficult to experimentally isolate the effect of the anion identity on 
radical stabilization from the dominant overlaid distance-dependence. Nonetheless, these 
experiments support the computational prediction that anions not limited to carboxylate impart a net 
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stabilization on remote radicals, even in the absence of π-conjugation, thus weakening the NO–R
3
 
bond compared to neutral alkoxyamines. 
3.2.2 Anion Basicity 
The influence of a nitroxyl radical on the basicity of various ions was explored using the 
kinetic method, as described above. Representative CID spectra for proton-bound dimers of 
alkoxides (3 and 3a), sulfates (5 and 5a), and sulfonamides (9 and 9a), are displayed in Figure 5. 
Irrespective of anion type, upon CID, the observed product ion abundance ratio favours the nitroxyl 
radical anion. That is, the proton affinities of alkoxide, sulfate, and sulfonamide anions are lowered 
by a remote nitroxyl radical compared with an analogous alkoxyamine. The greatest impact of the 
nitroxyl radical is recorded for the strongly basic alkoxide (calculated ΔHacid(3) = 1516 kJ mol
-1
, 
Table 2), as evidenced by a product ion abundance ratio that favours nitroxyl radical 3 over 
methoxyamine 3a by more than 400:1 (Figure 5a). Using Equation 2 with an effective temperature of 
600 K, we derive a difference in proton affinity between the alkoxide radical anion 3 and 
alkoxyamine 3a of approximately 30 kJ mol
-1
. Thus, the nitroxyl radical exerts a significantly greater 
thermochemical influence on the acidity of the alcohol compared to the carboxylic acid 2 (ΔΔHacid = 
16 kJ mol
-1
), despite the similar separation between charge and radical in each ion (r = 5.5 Å for 3 
and 5.7 Å for 2). These results are consistent with the calculated thermochemical quantities (Table 2) 
that predict a change in acidity of 23 kJ mol
-1 
for 3/3a, and 18 kJ mol
-1 
for 2/2a. 
Despite employing consistent instrument settings, the effective temperature parameter also 
depends on molecular properties, and thus may not be constant between different classes of anions. 
However, we note that even a conservative error estimate of 300 K in the effective temperature 
yields an uncertainty of approximately ±5 kJ mol
-1
 in relative acidity. Nonetheless, the preferential 
formation of the distonic nitroxyl radical anion in each CID spectrum (Figure 5) demonstrates that a 
remote nitroxyl radical decreases the proton affinities of various anion types, with the most 
significant effect observed for alkoxides. 




Figure 5: CID spectra (Elab = 10 eV) of proton-bound dimers comprising nitroxyl radicals and 
methoxyamines of: (a) alkoxides 3/3a; (b) sulfates 5/5a; (c) sulfonamides 9/9a. DMAN = N,N-
dimethyl-5-aminonaphthalene. Note the different x-axis scales on each spectrum. 
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3.3 Effect of Charge Polarity  
Negative charges stabilize nitroxyl radicals (and vice versa) by a hitherto under-appreciated 
long-range electrostatic interaction, with the extent of stabilization depending on the charge carrier 
and location. In the presence of a positive charge, the same electrostatic effects destabilize nitroxyl 
radicals, although the magnitude of the effect is countered by polarization. Nevertheless, the radical 
experiences net destabilization from a positive charge that is predicted to manifest as a higher NO–R
3
 
BDE in a positively charge-tagged alkoxyamine. To explore this effect using the threshold 
dissociation approach, a series of TEMPO-based methoxyamines were synthesized with basic 
substituents in the 4-position of the piperidine. When ionised by ESI in positive ion mode and 
subjected to CID (see Supporting Information, Figure S4), however, these ions exhibited 
predominantly charge-directed dissociation, including the formation of O-methyl acetone oxime at 
m/z 88 via well-characterized mechanisms.
60,61
 In the absence of product ions arising from charge-
remote NO–R
3
 homolysis, threshold dissociation could not be applied for studying the impact of 
positive charges on NO–R
3 
BDEs. 
Directly comparable to Scheme 1, construction of a thermodynamic cycle for the model 
proton acceptor 4-(N,N-dimethylamino)-TEMPO (4) demonstrates that the relative BDEs of neutral 
and cationic alkoxyamines are equivalent to the relative gas-phase basicity of the alkoxyamine and 
nitroxyl radical (Scheme 3). Consequently, the predicted increase in NO–R
3
 BDE in the presence of 
a positive charge is also manifested as a greater proton affinity of methoxyamine 4a compared to 
nitroxyl radical 4. As demonstrated, the kinetic method provides a sensitive experimental measure of 
shifts in the gas-phase thermochemistry resulting from a proximate nitroxyl radical, and is equally 
applicable to positive ions, according to Equation 3.
45
  














Successful application of the kinetic method requires a pure population of proton-bound 
dimers, and thus protonation must occur exclusively at the charge-tag, rather than the alkoxyamine.  




Scheme 3: Thermodynamic cycle linking relative BDEs in neutral and cationic alkoxyamines to 
relative gas-phase basicity of amines in the presence or absence of a nitroxyl radical.  
To fulfil this criterion, 4-(N,N-dimethylamino)-TEMPO 4 was prepared along with the deuterium-
labelled methoxyamine d3-4a. A proton-bound dimer comprising these two amines was prepared by 
ESI and subjected to CID. The resulting spectrum obtained from this dimer (Figure 6) reveals a clear 
preference for protonation of the methoxyamine (m/z 218), providing evidence for the lower proton 
affinity of nitroxyl radical 4, relative to the methoxyamine. This result is in contrast to the CID 
spectrum of proton-bound dimers consisting of 2 and 2a, which exhibits a clear thermodynamic 
preference for formation of the radical anion (cf. Figure 2c), over a similar charge-radical separation 
(r = 5.7 Å for 2 and 5.6 Å for 4). Using the observed product ion abundance ratio and an assumed 
effective temperature of 600 K, a relative PA of 11 kJ mol
-1
 is derived for 4 and d3-4a, which can be 
interpreted as a charge-induced increase in the NO–R
3
 BDE (cf. Scheme 3). Moreover, application of 





 reveals that the PA of d3-4a is similar to that of the reference compound, whereas that 
of nitroxyl radical 4 is much lower (see Supporting Information, Figure S5). These results are in 
general agreement with theoretical proton affinities of 943 kJ mol
-1
 for radical 4, and 965 kJ mol
-1
 for 
methoxyamine 4a (at the M06-2X/6-31+G(d) level of theory, Table 2), suggesting a charge-mediated 
increase in NO-R
3
 BDE of 22 kJ mol
-1
. 




Figure 6: A positive charge-tag inverts the observed product ion abundance ratio, as demonstrated 
for tertiary amines 4 and d3-4a. The selectively labelled isotopologue d3-4a was used to mitigate the 
complicating effects of a known solvent interference at m/z 214. 
  




 A synergistic combination of tandem mass spectrometry experiments affords a sensitive 
probe for the thermochemical influence of through-space charge-radical interactions in distonic ions. 
Dissociation threshold and kinetic method analysis of a comprehensive test set of distonic nitroxyl 
radical ions (and corresponding alkoxyamines) revealed that the effect of these interactions on 
relative proton affinities and BDEs range from 5 to 30 kJ mol
-1
 (Table 1) and can be detected over 
charge-radical separations of at least 12 Å. These experimental results are in sound agreement with 
theoretical predictions and can be used to benchmark future experimental and computational 
investigations of these phenomena in gas-phase distonic ions. 
The unequivocal demonstration of long-range (de)stabilizing interactions between charge and 
radical moieties has significant consequences for the extrapolation of distonic ion behaviour to that 
of the corresponding neutral radical. Importantly, the influence of through-space interactions on 
BDEs and proton affinities depend strongly on the separation and identity of the charge and radical 
moieties of the distonic ion. Moreover, these experimental data suggest that the significance of such 
interactions on the dissociation of radical ions should be carefully considered. For example, radical-




 dissociation strategies 
may be influenced by the proximity of charges to the radical site. Charge-remote fragmentation in 
polymers, such as those employed as molecular digital storage devices,
23
 could be strongly 
influenced by the distance between the ion and the bonds undergoing homolysis, as well as the 
polarity of the ion.  
 Finally, while these experiments probe the thermochemistry of radical ions, they are blind to 
the predicted rearrangement of electronic structure in certain distonic radical anions (i.e., SOMO-
HOMO conversion).
33
 However, the test-set of distonic nitroxyl radical ions produced here may be a 
useful resource for future experimental studies to probe this phenomenon (e.g., negative ion 
photoelectron spectroscopy). 
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